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Résumé :  
 
Une technique expérimentale innovante a été développée afin de réaliser l’étude du comportement 
dynamique de joints annulaires à bague flottante. Une caméra ultra-rapide a été utilisée afin d’imager 
les positions d’un joint en situation de fonctionnement à l’intérieur d’un banc d’essai. Différentes 
configurations de vitesse de rotation, de pression d’alimentation et d’amplitude d’excitation rotorique 
ont été testées. Il a été possible de constater l’état d’excentricité relative existant entre le rotor et le 
joint. De plus, une technique de suivi de marqueurs a pu être utilisée pour dériver les déplacements du 
joint à partir des acquisitions de la caméra. Les résultats obtenus ont été comparés aux mesures 
obtenues avec des capteurs inductifs classiques et montrent un bon accord entre les deux méthodes. 
 
Mots-clefs : suivi des marqueurs, joint à bague flottante, mesure du 
déplacement 
 
Abstract :   
 
An innovative experimental technique was developed in order to study the dynamic behavior of floating 
ring annular seals. The technique uses a high-speed camera to record the successive positions of the 
floating ring operating on a dedicated test rig. Many rotation speeds, feeding pressures and rotor 
amplitudes were used. It was thus possible to enlighten the dynamic eccentricity between the rotor and 
the floating ring seal. Moreover, a mark tracking technique was used to derive the displacements of the 
seal from the camera acquisitions. The results were compared to measurements made by traditional 
induction proximity probes and show a good agreement. 
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1 The floating ring annular seal 
 
Seals systems responsible for leakage management in high-speed rotating machinery like aircraft 
engines or gas turbines must be efficient and reliable components. Many technologies are available, and 
are grouped under the generic name of “dynamic seals” (i.e. the sealed surfaces are always separated by 
a thin fluid film that can be air, liquid or a mixture) [1,2].  
 
Figure 1 depicts the typical design of a turbopump used in cryogenic aerospace propulsion [3]. Many 
dynamic seals are visible: annular, labyrinth, face seals and floating ring seals. Labyrinth seals are the 
oldest and the best known dynamic seals that are still a good solution for large size machines (as power 
generation hydraulic turbines) with very large pressure drops (of the order of many tens of bars). 
However they have a small efficiency because the clearance must be rather large in order to 
accommodate the static and dynamic displacements of the rotor. For average and small size rotating 
machines, generally operating at high speeds, the efficiency of labyrinth seals is challenged by more 
advanced solutions as carbon ring seals or compliant seals. Carbon rings are used in (radial) face seals, 
in (axial) floating ring seals or in segmented seals [4]. These seals operate with very low clearances (of 
the order of 2 to 20 µm), with pressures of the order of bars and, if well designed, they are able to follow 
the rotor displacements. Contact between the stationary and rotating parts occurs only at start-up of shut-
down of the machine but the wear is entirely located on the carbon ring and the lifespan of the machine 
is therefore preserved.  
 
 
Figure 1. Sectional view of a liquid fuel turbopump with highlighted floating ring annular seals. 
Compliant seals represent another technology using a highly engineered interface for separating high 
and low pressure zones [1,2]. The best-known component of this family is the brush seal where closely 
compacted steel or Kevlar bristles create a deformable porous barrier for the leakage flow. The bristles 
are constantly in contact with the rotating surface but the brush they create is very compliant and 
accommodates the displacement of the rotor. 
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The present piece of work is focused on a dynamic seal belonging to the second category, namely the 
carbon floating ring seal. As depicted in Figure 2, the seal consists of a ring, generally made of carbon 
(but in some cases can be also manufactured of bronze), free to move radially against the rotor while 
the downstream, axial face is always in contact with the stator. The barrier between the high (upstream) 
pressure and the low (downstream) pressure consists of a primary seal and a secondary seal. The primary 
seal is represented by the annular clearance between the inner surface of the floating ring and the rotor; 
The very small clearance (of the order of 20 µm) ensures a low leakage between the upstream and 
downstream zones. However, the hydrodynamic forces engendered by the axial flow in the annular 
clearance will make the ring “floating” on the rotor, i.e. the seal will follow the static and dynamic 
displacements (vibrations) of the rotor. The secondary seal is the contact surface between the 
downstream face (sometimes designed the “nose” of the seal) and the stator. The pressure difference 
between the upstream and the downstream chamber will press the “nose” of the seal against the stator 
and engender friction forces that oppose the radial displacements of the floating ring. There are 
situations when the friction forces in the second seal might be larger than hydrodynamic forces in the 
primary seal and so the floating ring will be “locked” against the stator [5,6,7]. This is an unfavorable 
situation. Dynamic displacements of the rotor larger than the radial clearance would lead to contacts that 
could rapidly wear or destroy the carbon ring. The situation when the dynamic displacements of the 
rotor would be smaller than the radial clearance is not favorable even if the floating ring is “locked”. 
Indeed, a “locked” floating ring behaves as a journal bearing and engenders direct and cross-coupled 
forces, the latter having an unfavorable impact on the stability of the rotor [8,9,10]. It is therefore 
important that the designed or selected floating ring annular seal (products “on the shelf” exist) be able 
to follow the rotor vibrations under all envisaged operating conditions. This can be verified by numerical 
calculations or by experiments [7]. The present work is dedicated to an experimental technique aimed 
to measure the dynamic displacements of the floating ring. 
 
 
Figure 2. Simplified model of a floating ring annular seal. 
Test rigs for floating ring annular seals are designed to measure the leakage flow rate and the response 
of the seals when submitted to various rotor excitations. Very few test rigs for floating rings were 
presented in the literature up to now. The first authors to present an experimental analysis of floating 
ring sealing systems were researchers of JAXA engaged in an effort to develop a liquid oxygen 
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turbopump entrained by gaseous hydrogen for aerospace propulsion [11,12]. Their results enlightened 
the difficulties of handling very low radial clearances under cryogenic operating conditions and the 
importance of tribological aspects. Later on, Ha and Lee et al. [13,14] presented a test rig specifically 
dedicated to floating ring annular seals. The vibrations of the rotor were engendered by unbalance and 
the dynamic displacements of the floating rings were measured by inductive proximity probes. They 
used two different types of floating rings and presented various results including leakage, eccentric ratio 
and rotordynamic coefficients (inertia, stiffness and damping) for shaft rotation speeds up to 24800 rpm 
and differential pressures up to 7 MPa. 
 
The present authors developed a test rig where two or four floating ring seals are mounted in a “back to 
back” arrangement and pressurized air is injected in the midplane [15]. The design is inspired from the 
“buffer” seal arrangement used in aerospace propulsion turbopumps for separating two cryogenic fluids. 
Under laboratory conditions the test rig is operated with pressurized air and uses inductive proximity 
probes to measure the dynamic displacements of the floating rings. The steel casing that normally 
surrounds the carbon ring enables the use of inductive proximity probes. However, there are designs 
where the steel casing surrounding the carbon is absent and in these cases inductive proximity probes 
are of no use because they cannot operate against a non-conductive material. An alternative experimental 
method based on direct optical techniques is developed in the present paper. The method uses the 
principle of mark tracking technique. It has been applied as a displacement measurement technique in 
many mechanical disciplines for bidimensional or tridimensional measurements, usually for either local 
or field studies of strain [16,17,18,19,20,21]. In this particular case, however, it is used only to collect 
the absolute position of the seal in 2D-2C (plane surface measurement). Comparisons with the results 
obtained by using inductive capacity probes show that the optical method in conjunction with a mark 
tracking technique can be used with an acceptable accuracy for investigating the dynamic displacements 
of annular seals. 
 
2 The test rig 
 
The test rig for measuring the leakage flow rate and the dynamic displacements of annular seals is 
presented on Figure 3. It is composed of a rotor driven by a spindle and guided by a water-fed hydrostatic 
(Lomakin) bearing. A “buffer” floating ring annular seal casing is mounted at the right-hand side of the 
test rig (Figure 4). The casing contains up to four, 38 mm diameter floating ring annular seals in a back-
to-back arrangement with a central pressure injection. The dynamic excitations are applied by the 
unbalance load of the rotor. The traditional measurements are performed by eight inductive proximity 
probes orthogonally mounted, two-by-two, for recording the displacements of two floating rings and of 
the rotor in the left and right measurement plane. Figure 5 depicts the trajectory of a floating ring seal 
measured by inductive proximity probes and its FFT components in two orthogonal directions. The seal 
has a 21 µm nominal radial clearance. The rotation speed of the shaft is Ω = 12		 and the seal is 
submitted to a differential pressure 	Δ = 0.5	 . The trajectory shows mainly a synchronous 
component and its low entire multiples generally due to rotor run-out. 












Figure 5. Example of a floating ring annular seal trajectory (left) and the associated FFT analysis (middle and right). 
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2.1 The optical method 
 
A high-speed camera is used for the alternative, optical method. The camera is placed at the right-hand 
side of the test rig (Figure 4), perpendicularly oriented at the downstream face of the rightmost annular 
seal. This position allows for a direct, dynamic observation of the clearance between the annular inner 
surface of the floating ring and the rotor. A high-intensity discharge lamp spotlight is used to provide a 
very bright light output with a very high optical quality.  
 
The sampling speed is limited by the maximum (practical) acquisition speed of the camera, which is 
directly correlated to the amount of light available. An acquisition speed of 4000 frames per second, for 
example, results in a maximum exposure time of only 1/4000th of a second for each individual frame. 
This means that very little light can reach the camera sensor, resulting in under-exposed pictures. A very 
powerful and continuous light source is consequently required to achieve good quality images. 
Furthermore, the seal casing has to be designed in such a way that it allows for a proper enlightenment 
of the studied portion of the seal. Situations where parts of the seal casing may cast shadows on the 
studied area are prohibited. High-quality mechanical surfaces are preferred since they will act as mirrors 
and allow for an even illumination of the area. With the high-intensity discharge spotlight depicted 
earlier and the current optical configuration, acquisition speeds of up to 8000 frames per second can be 
obtained. 
 
The high-speed camera is fitted with a 50 mm, f/1.4 macro lens and 50 mm extension tubes in order to 
achieve a high magnification (Figure 6a). The maximum resolution was evaluated by using a calibrated 





Figure 6. The high-speed camera (left) and a view of the 16 lines/mm grid used to estimate the resolution. 
Because of this magnification, the field of view of the camera is very limited and the seal cannot be 
entirely observed. It was possible to enlighten a maximum of about one quarter of the seal 
circumference. A typical example of a picture that could be recorded is presented in Figure 7, together 
with its interpretation. 




Figure 7. Example of an acquired picture (left) and interpretation (right). 
It is then possible to observe the relative positions of the seal and of the rotor at any given moment. The 
resolution that was achieved with the current macro lens does not allow for a precise measurement of 
the minimum film thickness in the annular gap of the order of 20 µm or less. It is however possible to 
distinguish between situations where the seal is centered on the rotor, and situations where it presents a 
relative eccentricity. Figure 8 presents examples of these two situations and the corresponding relative 





Figure 8. Example of centered (left) and decentered (right) situations. 
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2.2 Application of mark tracking methods 
 
The bidimensional mark tracking technique was used to derive seal trajectories from the acquired 
pictures. In comparison to induction transducers, it only requires one or more contrasted spots on the 
studied sample, either plotted by the user or based on the surface roughness. The principle of the mark 
tracking method is to locate a spot inside a defined research zone by comparison of the light intensity 
of the spot with the intensity of the background. A grayscale intensity threshold  is specified by the 
user in order to locate the contrasted spot inside the research zone. Hence, the color chosen for the 
spot(s) must be as contrasted as possible compared to the background. In order to measure a 




Figure 9. Parameterization of the mark tracking method. 
The coordinates ,  of any given spot in a referential domain are calculated with the vectorial 
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Figure 9 presents the problem parameterization.  ,   are the coordinates of a pixel   within a given 
research zone. Depending on whether the desired spot is black or white, only pixels whose intensity   
is higher (respectively lower) than the intensity threshold   are considered, thus removing the 
background. The research zone is defined by the coordinates ", " of its top-left corner pixel and its 
size. It is repositioned for each frame in order to follow the displacements of the spot by centering it on 
the previous spot coordinates. 
In the present work, a thin pen has been used to draw spots on the carbon radial surface. The size of the 
spots is approximatively 8 pixels in diameter, which gives an acceptable displacement error of about 
0.035 pixels (approximatively 0.5 µm) [19]. Preliminary experimental results have been obtained and 
are compared with results from traditional induction displacement transducers.  
 




Figure 10. Use of mark tracking on an acquired picture. 
3 Results 
 
Measurements depicted in Figure 11 and Figure 12 were performed for a floating ring seal of 38 mm 
diameter and 25 µm radial clearance operating with a shaft rotation speed Ω = 15	krpm and with 
upstream and downstream pressure difference ' = 1	. The rotor amplitudes exciting the floating 
ring are larger in Figure 12 than in Figure 11 because a 13	).		* imbalance was added on the rotor 
right end plane. Figures 11 and 12 superpose the trajectories measured by the inductive proximity probes 
(red lines) and by the optical method (blue points). The FFT of the X and Y displacements are also 
depicted and show mainly the synchronous frequency. It is also visible that the frequency resolution in 
Figure 11 is lower than in Figure 12. A failure of the camera lead to a lower number of recorded frames 
for the test depicted in Figure 11, result that was only a posteriori noticed.  
The depicted results shows a good agreement between the two experimental techniques, but it seems 
that inductive proximity probes perform better (trajectories are more regular). However, when weighting 
these results, one should remember that the measurements stemming from the optical method are 
obtained with very coarse marks. The best results for mark tracking are achieved when the mark is 
clearly defined and presents a high contrast against the background. Pen-drawn spots lack both the 
precision and the appropriate contrast. Consequently, the mark coordinates accuracy may vary from 
frame to frame, resulting in noisy trajectories. Nevertheless, this noise is not harmful because the 
amplitudes and the spectral content stemming from the FFT analysis of the optical results are in very 
good agreement with those obtained with the inductive probes. 
 




Figure 11. Comparison of induction vs. optical results. + = 250	,-, ' = 1	, no additional rotor imbalance. (inductive 
proximity probes – red, optical method - blue) 
 
 
Figure 12. Comparison of induction vs. optical results. + = 250	,-, ' = 0.5	, 13	).		* rotor imbalance (inductive 
proximity probes – red, optical method - blue) 
4 Summary and conclusions 
 
The present paper describes the application of an optical method and of a mark tracking technique for 
the measurement of the trajectory of a floating ring annular seal. Although the trajectory can be also 
measured with inductive proximity probes, the optical method is an alternative approach that comforts 
the investigator and is the only option if the ring is entirely made of carbon. Of course, the applicability 
of the method is conditioned by the possibility of following appropriate marks on the floating ring under 
good lightning conditions. A mark that is about 10 pixels in diameter is very acceptable [19]. With the 
current optical setup, that corresponds to about 150 µm spots on the floating ring annular seal. These 
spots should present a high contrast against the background, meaning that they should be mostly light-
colored against a dark background (such as carbon) or, conversely, mostly dark-colored against a light 
background. Further experiments shall be conducted using better marks, such as micro-indentations 
similar to the result of a Rockwell micro-hardness test.  
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